Multiple sclerosis is the most frequent chronic inflammatory disease of the CNS. The entry and survival of pathogenic T cells in the CNS are crucial for the initiation and persistence of autoimmune neuroinflammation. In this respect, contradictory evidence exists on the role of the most potent type of antigenpresenting cells, dendritic cells. Applying intravital two-photon microscopy, we demonstrate the gatekeeper function of CNS professional antigen-presenting CD11c 
Introduction
Multiple sclerosis (MS) is a complex disease of the central nervous system (CNS) involving T cells in its pathology, as also recently evidenced in a genomewide association study (GWAS) (International Multiple Sclerosis Genetics Consortium (IMSGC) et al, 2011; . It has been well established that the clinical severity of the animal disease model, experimental autoimmune encephalomyelitis (EAE), directly correlates with the number and differentiation of CD4 + T-helper cells inside the target organ (Hofstetter et al, 2007) , among which Th17 cells strongly contribute to tissue destruction (Siffrin et al, 2010) . Indeed, preliminary data from a phase II clinical study of a blocking antibody against IL-17 (AIN457) in patients with MS indicate that targeting Th17 cells might be a viable strategy in the treatment of multiple sclerosis (Fernández et al, 2013) . Several recent reports indicate that another Th17 cytokine, the granulocyte-macrophage colonystimulating factor (GM-CSF), represents a major effector molecule in these processes in EAE (Codarri et al, 2011; El-Behi et al, 2011) and MS (Hartmann et al, 2014; Noster et al, 2014) . Since GM-CSF is crucial for the differentiation and survival of certain DC subsets (Markowicz & Engleman, 1990) , the role of DCs in neuroinflammation might be more relevant for disease persistence than previously thought. DCs are professional antigen-presenting cells, which have a crucial role in the differentiation of T cells and integrate multiple stimuli, most importantly from the innate immune system and invading pathogens, in the decision of whether a pro-inflammatory or regulatory adaptive immune response is induced. However, DCs are very heterogenic, dependent on their anatomical location and phenotype (Schlitzer & Ginhoux, 2014) . It has been reported that DCs are sufficient for promoting an autoreactive response inside the CNS (Greter et al, 2005) and are capable of inducing and amplifying EAE (McMahon et al, 2005; Karman et al, 2006) . However, the priming of encephalitogenic T cells has been found to be unaffected or even exaggerated by the absence of DCs in active EAE induced by myelin peptides and strong adjuvants (Isaksson et al, 2012; Yogev et al, 2012) . Therefore, a dual role of DCs seems possible, that is, a regulatory role in the context of T-cell differentiation in the secondary lymphoid organs and a rather pro-inflammatory role in the CNS. Focusing on CNS DCs, which are a very rare cell population under physiologic conditions, it has been unclear to what extent they contribute to local T-cell recruitment, activation, and lesion development. In this context, the role of inflammatory chemokines for recruitment and orchestration of tissue inflammation is of significant interest. T cells that express the chemokine receptors CCR2 and CCR5 are more abundant in patients with exacerbated MS (Misu et al, 2001) . Furthermore, perivascular T cells in MS and EAE express the chemokine receptor CXCR3. However, the sources of the relevant chemokines remain unclear. Here, we investigate the role of CNS CD11c + cells by exploiting a transgenic mouse model, CD11c-DTR/GFP (Jung et al, 2002) , which uses the commonly accepted DC marker CD11c to specifically target DCs. This transgenic model allows the conditional depletion of classical DCs after diphtheria toxin (DTX) treatment (Jung et al, 2002) . We performed conditional depletion experiments in the effector phase of adoptive transfer EAE, which targets primarily the processes within the CNS. Furthermore, we isolated CNS CD11c + cells and characterized their chemokine expression profiles, which revealed a unique role of this cell subset for T-cell migration and recruitment. In addition, on the T-cell side, we made use of IL-17 reporter mice, which express the fluorescent protein EGFP, concomitantly to IL-17 (Esplugues et al, 2011) . We utilized in vivo two-photon laser scanning microscopy (TPLSM) in order to observe the real behavior of DCs and IL-17-producing cells at the barrier of, and within, the CNS.
Results

Depletion of CD11c-GFP + cells aborts EAE induction by adoptive transfer of encephalitogenic T cells
To investigate the role of CD11c-GFP + cells in the effector phase of EAE, we used the adoptive transfer EAE model of transgenic myelinspecific (MOG 35-55 -specific, 2d2) CD4 + T cells, which had been differentiated to Th17 cells in vitro (Siffrin et al, 2010) . To analyze the role of CD11c + cells in the adoptive transfer model, ablation of CD11c + cells by subcutaneous DTX application was started in chimeric CD11c-DTR/GFP?C57BL/6 mice before transfer of 2d2.tdRFPxIl-17-EGFP Th17 cells and continued every other day during the whole observation period, resulting in reliable CD11c + cell depletion. Experiments that required CD11c depletion by DTX were performed in chimera to bypass the reported problem of lethality after repetitive DTX injection in the CD11c-DTR/GFP mice (Probst & van den Broek, 2005; Zaft et al, 2005) . Bone marrow chimeric mice were generated as described previously (Siffrin et al, 2009) and yielded a chimerism of > 85% when looking at CD11c-GFP + cells of CD11c + cells and > 93% for CD11c-DTR-depleted cells of CD11c + cells (Appendix Fig S1A and B) . Repetitive depletion, even after 11 and more DTX injections, did not result in a loss of depletion efficiency in the CNS or spleen and depleted all relevant subsets of CD11c + cells (Appendix Fig S1C and D) . In adoptive transfer EAE in CD11c + -depleted recipients, we found a dramatically reduced mean clinical disease score and lower disease incidence (Fig 1A, Appendix Table S1 ). FACS analysis of mononuclear cells, which were isolated from the CNS of these EAE animals, revealed that the frequencies of transferred Th17 cells were markedly higher in the presence of CD11c + cells (16.2% in DCdepleted animals vs. 39.1% in control animals; pooled data for three animals; Fig 1B) . In addition, the absence of CD11c + cells led to the reduction of IL-17 producers (Fig 1C and D) instead of IFN-c producers ( Fig 1E) . This is supported by similar results in an active EAE model of MOG 35-55 /CFA-immunized CD11c-DTR/GFP?C57BL/6 mice, which were CD11c + -depleted after onset of clinical signs to interfere with the effector phase (Appendix Fig S2) . Here, a significant reduction of clinical deficits was achieved by CD11c + cell depletion when started after onset of clinical signs in comparison with non-CD11c + -depleted control groups. To exclude a peripheral effect of CD11c + cell depletion, which has been described in active EAE models where DC depletion led to exacerbation of the disease due to a lack of peripheral FoxP3 + regulatory T-cell (Treg) induction (Yogev et al, 2012) , we also checked lymph nodes and the spleen in our adoptive transfer model. Here, we found similar numbers of transferred cells (Appendix Fig S3A  and B ), no differences in cytokine production capacity (Appendix Fig S3D and E) , and FoxP3 expression by CD4 + T cells (Appendix Fig S3F) in secondary lymphoid organs. This argues against CD11c-GFP + cells being relevant in inducing tolerance outside of the brain in this adoptive transfer EAE model. Next, we analyzed the co-expression of the CD11c + -relevant T-cell cytokine GM-CSF, which we found to be strongly upregulated in IL-17-producing Th17 cells in the CNS, but not in the spleen (Fig 1F) , indicating that Th17 cells acquire the capacity to produce this cytokine after invasion of the CNS. Furthermore, IL-17 hi 2d2 Th17 cells consistently co-expressed more frequently GM-CSF than IL-17 non-producers, which shows that these cytokines are selectively co-expressed within the CNS (Fig 1G) .
Pathogenic Th17 cells carry distinct chemokine receptor signatures
To further determine the prerequisites for CD11c-GFP + cells and encephalitogenic Th17 cell encounters, we analyzed the chemokine expression pattern of pathogenic T cells by microarray analysis. We compared (i) naïve CD4 + CD62L hi 2d2 T cells before differentiation (Tnaive) and (ii) after repetitive in vitro Th17 differentiation (Th17iv), and (iii) 2d2 Th17 cells, which were isolated from the CNS of these mice at the peak of EAE (Th17eae; see also ). Additionally, we isolated (iv) CD4 + T cells from the CNS of C57BL/6 mice with active, MOG 35-55 -immunized EAE (CD4eae). Differential gene expression was analyzed using Agilent Whole Mouse Genome Oligo Microarrays 4x44K V2. We concentrated our analysis on chemokine receptors, which showed a distinct activation pattern during EAE development when compared by ratio (Fig 2A) . We performed stringent statistical testing on these targets of the microarray, which identified Ccr2, Ccr3, Ccr5, and Cxcr1 to be upregulated in Th17iv cells in comparison with Tnaive, which might indicate their role for homing to the CNS (Fig 2B) . For Cxcr1, the expression pattern was confined to the in vitro period, whereas Ccr2 and Ccr5 were strongly expressed in both EAE subtypes (Th17eae and CD4eae). In addition, we identified Ccr8, Cxcr3, and Cxcr4 to be upregulated not in vitro (Th17iv) but in EAE-derived Th17eae and/or CD4eae, which might indicate a role in their intraparenchymal distribution. Interestingly, the Th17-associated Ccr6 was not significantly regulated, as the other chemokine receptors involved in the array also did not show relevant regulation in the observed T cells (data not shown). were found near the surface of larger venules on the parenchymal side (Appendix Fig S4) and have been described elsewhere as bipolar dendritic cells (Prodinger et al, 2011) . At the onset of the clinical disease (days 1-2), vessel-associated CD11c-GFP + cells (Fig 3A) closely interacted with intravascular, rolling IL-17 hi 2d2 Th17 cells (Fig 3B and Video EV1) . The elongated perivascular CD11c-GFP + cells were closely associated with the vessel walls and made contact with the rolling Th17 cells via filopodium-like dendrites (Fig 3C) . Interestingly, most of the long-lasting contacts were with Th17 A Mean clinical scores (AESEM) of C57BL/6?C57BL/6 controls treated with DTX and CD11c-DTR/GFP?C57BL/6 treated with DTX or PBS during the whole observation period starting from day À1. All animals received in vitro generated 2d2.tdRFP Th17 intravenously on day 0. DC depletion in CD11c-DTR/GFP?C57BL/6 reduces the encephalitogenicity of adoptively transferred 2d2.tdRFP Th17 cells. Mann-Whitney U-test was performed on mean clinical scores for DTX vs. PBS-treated CD11c-DTR/GFP?C57BL/6 (n = 11 PBS/13 DTX); *P < 0.05, **P < 0.01. See also Appendix Table S1 . Pooled data from two independent experiments are shown. B Mononuclear cells were isolated on day 30 of animals shown in (A) from the CNS of PBS-and DTX-treated CD11c-DTR/GFP?C57BL/6 that had been transferred with 2d2.tdRFP Th17 cells. Flow cytometry was performed on surface-stained cell samples. Cells were pre-gated on lymphocyte cells (FSC/SSC gate) and PI negative; pooled data of three animals are shown, representative of two independent experiments. C Mononuclear cells were isolated from the CNS of PBS-and DTX-treated 2d2.tdRFP Th17-transferred CD11c-DTR/GFP?C57BL/6 mice 2-3 days after onset of the disease. Upper panels: Cells were stimulated with plate-bound anti-CD3/anti-CD28, stained for CD4 and cytokines IFN-c, IL-17 (pre-gated in addition to FSC/SSC on CD45 + CD4 + ). Lower panels: expression of transcription factor FoxP3. Pooled data from three animals are shown, representative for two independent experiments.
CNS dendritic cells grant encephalitogenic T cells access to the CNS
D, E Quantification of cytokine expression data as shown in (C) for pooled data from two independent experiments. Mann-Whitney U-test, *P < 0.05. F 2d2 Th17 cells were transferred into lymphopenic Rag2
. Mononuclear cells were isolated from the spleen and brain at the peak of the disease and analyzed for IL-17 and GM-CSF production after stimulation with anti-CD3/anti-CD28. G GM-CSF production of IL-17 producers versus IL-17 non-producers of CNS-isolated 2d2 Th17 cells (see also F). Each dot/square represents a single animal. One-way ANOVA and Dunn's multiple comparison test; *P < 0.05, **P < 0.01, ****P < 0.0001.
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The EMBO Journal cells actively producing IL-17. Within the perivascular area, the interaction of CD11c-GFP + cells with 2d2 Th17 cells was associated with high EGFP expression as a sign of strong IL-17 production ( Fig 3D) , was long-lasting, and preceded tissue invasion . This holds true not only for the perivascular DCs but also for the few intraparenchymal, round-shaped CD11c-GFP + cells in early inflammatory CNS lesions. As an example, an IL-17 hi 2d2 Th17 cell is shown that migrated directly toward a CD11c-GFP + DC and engaged in long-lasting contact (Fig 3H, Videos EV3 and EV4) , which is reminiscent of what has previously been described for the antigen recognition process in secondary lymphoid organs (SLO) (Cahalan & Parker, 2008) . The quantitative analysis of the migration pattern of IL-17 hi 2d2 Th17 cells as compared with all 2d2
Th17 cells revealed that the cytokine-expressing cells were slower in mean velocity but also had a larger number of stopping points (instantaneous velocity) compared to the whole 2d2 Th17 population -despite all of these T cells recognizing the same myelin antigen. This motility pattern was clearly CD11c + -GFP cell dependent as the depletion of CD11c-GFP + cells during T-cell monitoring led to an increase in the mean velocity of the IL-17 hi cells ( Fig 3I) and lower static motility, as shown by reduced (< 2 lm/min) instantaneous velocity ( Fig 3J) . In order to further characterize CNS CD11c + cells, we isolated and phenotyped mononuclear cells from the CNS of EAE-affected mice before onset (day 8-9), at the peak (day 13-17) and in the chronic phase of the disease (day 22-27) by flow cytometry. We found that conventional DCs-antigen-expressing cells defined by expression of CD11c and absence of Ly6C/G-were the most abundant subset in the spleen over the whole course of EAE. The CD11c Fig S1D) .
In the CNS, there is a characteristic change of the subpopulations of CD11c + cells during the course of EAE. Initially, the conventional DCs (CD11c
were the prevailing population (Fig 4A) . At the peak of the disease, this changes with an increasing preponderance of Figure 2. Regulation of chemokine receptors in T cells at distinct points in and before EAE.
A Expression of chemokine receptors was assessed by microarray analysis of different CD4 + T-cell populations. Statistical analysis revealed a strong upregulation of most of the chemokine receptors covered in the array for Th17iv/Tnaive (column 2), Th17eae/Tnaive (column 3), and MOG 35-55 -induced EAE-recovered CD4eae/Tnaive. B Microarray signal intensities of most strongly regulated genes from (A) are shown in detailed statistical analysis for the different T-cell subgroups. Values are depicted as signal intensity mean AE SEM from three independent experiments. Statistical significance was determined using one-way ANOVA with post hoc Tukey test for multiple comparisons. P-values < 0.05 were regarded as statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (Fig 4C) . TPLSM of EAE lesions in the brainstem of adoptive transfer EAE at the onset of the disease. EAE was induced by transfer of in vitro differentiated 2d2 Th17 cells (tdRFP, red; IL-17-EGFP, green) into CD11c-DTR/GFP mice (CD11c-GFP, green); imaging area 300 × 300 lm. (Fig 5A) in EAE, whereas it was expressed at significantly lower levels in the spleen and in general in CD4 + T cells (Fig 5B) . We analyzed the expression levels of the T-cellrelevant chemokines Ccl5, Cxcl9, and Cxcl10, all of which are important T-cell-attracting inflammatory chemokines (Hamann et al, 2008) . We found that Ccl5 (encoding for RANTES), Cxcl9, and Cxcl10 were strongly expressed in the CNS CD11c + cells (Fig 5A) .
Ccl20 was strongly expressed in the CNS CD4 + cell fraction but not by CNS or splenic CD11c + cells. In addition, we analyzed the expression of the Th17-relevant cytokine IL-23 and the CD11c + -relevant cytokine GM-CSF (Fig 5C) , which are both essential for EAE induction (Cua et al, 2003; El-Behi et al, 2011) . The expression of Il23 showed a trend toward being more prominent in microglia. Furthermore, we found strong upregulation of Csf2 in CNS CD4 + cells but not in their counterparts in the spleen, which supports our findings of GM-CSF upregulation in CD4 + Th17 cells (see also Fig 1F and G) . Thus, the presence of CD11c + cells in the CNS in peak EAE lesions is associated with the production of distinct inflammatory chemokines and cytokines that are involved in the pro-inflammatory cascade in autoimmune neuroinflammation.
CNS CD11c-GFP + cells are enriched at the peak of the disease and form clusters in the CNS that are targeted by T cells
To further characterize the consequences of the T-cell-CD11c + cell interaction, we performed TPLSM at the peak of the disease. Here, we found that numerous CD11c-GFP + cells were arranged in The EMBO Journal CNS dendritic cells in EAE Magdalena Paterka et al clusters ( Fig 6A) with a mesh of protrusions. These CD11c-GFP + cell networks were targeted by 2d2.tdRFP cells (Fig 6B and Video EV6) . Whereas at the onset, there were mostly transient, very dynamic interactions between most 2d2.tdRFP T cells and CD11c-GFP + cells (with the exception of IL-17 hi cells), at the peak, there was regionalized low-velocity motility of many of the transferred 2d2.tdRFP cells (Fig 6C, upper panel and Video EV7). In contrast, areas of low DC density were marked by very rapid T-cell motility, which was a seemingly more random motility (Video EV8). These differences could also be objectified by quantitative tracking analyses (Fig 6D and E) . To date, the observed highly regionalized motility pattern of T cells within the CD11c-GFP + cell clusters has only been described in lymph node germinal centers (Hauser et al, 2007) . Importantly, we did not detect any differences in fiber networks in the CNS inflammatory lesions (Fig 6C) , which are highlighted by second harmonic generation (SHG). These SHG signals are generated by the infrared (IR) excitation (1,110 nm) of highly ordered (non-fluorescent) non-centrosymmetric fibers, which are mainly collagen fibers outside the CNS, but whose makeup within the CNS remains unclear (Wilson et al, 2009 ). In our TPLSM of brainstem lesions, we regularly detected these fiber networks in inflammatory CNS lesions as secondary signs of lesion formation (Herz et al, 2011) .
Discussion
We observed a key function of CNS CD11c + cells in the entry and persistence of encephalitogenic T cells in an animal model of multiple sclerosis in vivo. In our two-photon imaging experiments at the onset of the disease, perivascular CD11c + cells were found to be in contact with intravascular rolling and perivascular IL-17-expressing Th17 cells, which consequently invaded the CNS parenchyma. DC depletion reduced and/or delayed EAE induction and IL-17 production by Th17. Thus, we have proven in vivo that CNS CD11c + cells in the perivascular space attract encephalitogenic T cells and are a key factor for their function. It has been suggested previously that DCs act as potent APCs (McMahon et al, 2005; Bailey et al, 2007) . In addition, IL-17 seems to be a reliable marker for these pioneering encephalitogenic T cells which showed a characteristic activation motility in the interaction with CNS CD11c + cells as previously described for the antigen recognition process in secondary lymphoid C, D Quantitative expression of EAE-relevant factors Il23 and Csf2 were investigated in (C) the CNS samples as described above and (D) the spleen samples.
Data information: Values are depicted as mean AE SEM. Samples from 6 to 11 animals were pooled in each experiment; at least two experiments were performed for each subset. Statistical significance was determined using one-way ANOVA and Dunn's multiple comparison test. P-values < 0.05 were regarded as statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (Cahalan & Parker, 2008) . There is debate as to whether EAE and MS are Th1-or Th17-mediated diseases (Stromnes et al, 2008; Steinman, 2010) . IL-23, which is strongly associated with the Th17 phenotype, is the crucial factor for the development of EAE (Cua et al, 2003; Ivanov et al, 2006 The EMBO Journal CNS dendritic cells in EAE Magdalena Paterka et al majority of T cells expressing the Th1 cytokine IFN-c in the CNS in EAE had previously been IL-17 producers ("ex-Th17"). In addition, these IFN-c-expressing ex-Th17 display distinct features compared to classic Th1 cells (Hirota et al, 2011) . We showed that high IL-17 production is accompanied by high GM-CSF levels in the CNS. Interestingly, the CNS DC-Th17 interaction did not only have an effect on the Th17 cells; locally reactivated encephalitogenic Th17 cells produced large amounts of GM-CSF, which is a relevant factor for CD11c + cell induction. Accordingly, we found prominent CNS CD11c + cell clusters at the peak of the disease. This is in line with findings of the role of GM-CSF for EAE induction by Th17 cells (Codarri et al, 2011; El-Behi et al, 2011) and indicates a crucial role of Th17-DC interplay for the perpetuation of autoimmunity. GM-CSF blockade during the priming and effector phase in EAE has been shown to reduce clinical signs of active EAE (Codarri et al, 2011; El-Behi et al, 2011) . This effect was independent of Th17 polarization which has been shown to be similar in Csf2 À/À Th17 and wild-type Th17 cells (El-Behi et al, 2011) . This is indeed a similar finding as we found by depletion of CD11c + cells. In addition, also GM-CSF deficient Th1 cells exhibited less encephalitogenicity (Codarri et al, 2011) . The latter publication stressed the role of GM-CSF for the secondary recruitment of inflammatory cells in the effector phase of EAE, which supports the relevance of our findings of an increase in numbers of CD11c + cells, a continuous proportional increase in (GM-CSF-dependent) monocyte-derived CD11c + cells, and the formation of CD11c + clusters as the disease progresses. It has been shown that there is a clear link between chronic CNS inflammation and induction of CD11c + cells from myeloid and microglia cells in EAE and infectious encephalitis (Fischer & Reichmann, 2001; Ponomarev et al, 2007) . For the potential consequence of a lack of this CD11c + accumulation, Codarri et al also showed that, in their model with actively immunized Csf2 À/À mice, there is a lack of retention or accumulation of CD4 + T cells in the CNS, which again is equivalent to low CNS CD4 + T-cell numbers in CD11 + -depleted animals in our adoptive transfer EAE. In fact, active EAE models, which rely on immunization of mice with myelin peptide with strong adjuvants, showed an inverse exacerbating effect of CD11c + cell/DC depletion on EAE development (Isaksson et al, 2012; Yogev et al, 2012) , which could be related to a peripheral role of DCs for Treg induction in the priming phase of those immunologic challenge models. Here, we unraveled the role of CD11c + cells in the CNS on transferred encephalitogenic T cells and in the effector phase of active EAE, thus focusing on the admission and survival of pathogenic T cells in the CNS. The question of sustained inflammation in the CNS might be more relevant for the human disease, which is usually not elicited by vaccinations (Siffrin et al, 2007) and persists in the absence of any systemic inflammatory challenges. It has been shown that in the CNS, despite the absence of secondary lymphoid organs, adoptive transfer EAE can be induced since local DCs are sufficient for the induction (Greter et al, 2005) . High GM-CSF production by local pathogenic effector T cells might also be relevant for the CD11c + cell/DC networks, which we describe here for the first time in autoimmune CNS inflammation. We found these CD11c-GFP + cell clusters associated with vessels, which might explain the reported finding of CD4 + T cells to migrate preferentially along the CNS vessels (Siffrin et al, 2009) . In our chimeric model, CD11c + depletion is very efficient but does not reach 100%; therefore, we cannot answer whether CD11c + cells are essential for T-cell activation/survival within the CNS or if their role can be compensated for in the long term by another population of antigen-presenting cells. However, CNS CD11c + cells closely interacted with T cells, which led to a reduction of T-cell motility and velocity. This prolonged interaction has up to now only been described in SLO and was clearly associated with induction of effector functions (Celli et al, 2007) . The entry and/or survival of T cells into and within the CNS, an immune-specialized organ that has physiologically a very low number of antigen-presenting cells, might be due to these pathological DC networks. This is supported by findings that DC-T-cell interactions are apparently responsible for the survival of pro-inflammatory T cells in long-standing autoimmune disease, for example, rheumatoid arthritis (Weyand & Goronzy, 2003) and diabetes mellitus (Calderon et al, 2011) . Our analysis of the chemokine expression pattern of immune cells isolated from EAE-affected mice identified strong production of Ccl5, Cxcl9, and Cxcl10 by CNS CD11c + cells. According to our data, encephalitogenic T cells have distinct chemokine receptor expression if analyzed before induction and when isolated from EAE-affected CNS tissue. We found an upregulation of the chemokine receptors Ccr8, Cxcr3, and Cxcr4 in pathogenic T-helper cells within the CNS in EAE. The CXCR3/CXCL10 interaction has been largely investigated and is commonly associated with autoimmune neuroinflammation (Simpson et al, 2000) . CXCL10 (similarly as MCP-1/CCL2) has been found to be elevated in the cerebrospinal fluid (CSF) of patients with MS (Sørensen et al, 1999; Scarpini et al, 2002) and is already upregulated before clinical signs are visible in EAE (Fife et al, 2001 ). CXCR3 has been described on the majority of perivascular T cells in MS lesions (Simpson et al, 2000) , which makes this chemokine receptor rather a general marker of invading T cells in EAE and MS. More importantly, we identified the chemokine receptor Ccr5 to be highly expressed in encephalitogenic, in vitro repetitively stimulated Th17 cells. Repetitive stimulation of Th17 cells has already been shown to result in an IL-23-dependent increase in rather Th1-associated CCR5 and loss of Th17-associated CCR6 as typical for the late developmental plasticity of Th17 cells (Lee et al, 2009) . This is important also in view of the human disease where there are fewer CCR2 + CCR5 + T cells than other invading cells but which were associated with disease exacerbation (Misu et al, 2001) . These CCR2 cells (Sato et al, 2012) . These results of the T-cell analysis correlated strongly with the finding of upregulated Ccl5 as a ligand of Ccr5.
Taken together, the initiation of neuroinflammation is strongly associated with the attraction of pathogenic T cells toward perivascular CD11c
+ cells in the CNS. Long-lasting interaction between CD11c + cells with IL-17-producing Th17 cells can be visualized locally. Consecutive co-expression of GM-CSF by these T cells at the onset of the disease eventually results in CNS DC network formation at the peak of the disease, concomitantly with GM-CSF production by pathogenic T cells. CNS CD11c + cells at the peak of the disease are strong producers of a distinct inflammatory chemokine pattern. Thus, our findings suggest that DC networks within the CNS are crucial for the perpetuation and may be relevant for chronification of the disease and thus be an attractive target for the treatment of relapsing-remitting disease activity in patients with MS.
Materials and Methods
Mice
CD11c-DTR/GFP (Jung et al, 2002) , 2d2 (Bettelli et al, 2003) , B6.acRFP, Rag2
, B6-CX3CR1-GFP (Jung et al, 2000; Jolivel et al, 2015) , CX3CR1-Cre-ERT2 x iDTR x R26-YFP , and C57BL/6J mice were bred under specifically pathogen-free (SPF) conditions. IL-17-EGFP mice were generated by EE as has been described previously (Esplugues et al, 2011) , bred with B6.acRFP and 2d2 mice, and kept in our SPF facility. CX3CR1-Cre-ERT2 x iDTR x R26-YFP mice were induced for microglia-specific YFP expression by tamoxifen as described previously .
Generation of bone marrow chimeras
Conventional chimeras were generated as described previously (Kursar et al, 2005; Gutcher et al, 2006) , with the following modifications: Recipients were wild-type (WT) C57BL/6 mice; for conventional bone marrow chimera, donor cells were derived from CD11c-DTR/GFP mice and WT littermate controls. In brief, recipient animals were sublethally irradiated with 1,100 cGy (split dose). Donor animals were sacrificed by neck dissection; and bone marrow cells were isolated by flushing of femur and tibia, dissolved, and MACS â -depleted of CD90 + T cells. Recipients were reconstituted with 8-15 × 10 6 donor bone marrow cells $ 8 h after irradiation.
Mice were kept on 0.01% enrofloxacin (Bayer HealthCare) in drinking water for about weeks. Engraftment took place over 8 weeks of recovery and was checked by FACS analysis. All animal experiments were conducted according to the German Animal Protection Law.
Experimental autoimmune encephalomyelitis
For adoptive transfer, naïve 2d2 CD4 + CD62L hi cells were cultured as has been previously described (Siffrin et al, 2010) and were injected into B6.CD11c-DTR/GFP or CD11c-DTR/GFP?C57BL/6 mice. For active EAE, C57BL/6 mice were immunized subcutaneously with 250 lg of myelin oligodendrocyte glycoprotein ) peptide (Research Genetics), emulsified in complete Freund's adjuvant (Difco Laboratories), and supplemented with 800 lg of heat-inactivated M. tuberculosis H37Ra (Difco Laboratories). Mice received 200 ng of pertussis toxin (Sigma Aldrich) intraperitoneally at the time of immunization and after 48 h. Mice were checked for clinical symptoms daily and these were converted into disease scores as has been described previously (Siffrin et al, 2010) . For DC depletion, diphtheria toxin (12 ng/g bodyweight; List laboratories, UK) was diluted in PBS and administered intraperitoneally, starting the day prior to immunization and repeated every 48 h until the end of the experiment. Depletion efficiency was checked on spleen and CNS samples (Appendix Fig S1C  and D) .
Immune cell isolation
Lethally anesthetized animals were transcardially perfused with ice-cold PBS. Brain and spinal cord were isolated, cut into small pieces, and diluted in IMDM (Gibco, Germany) substituted with 10 mg/ml Collagenase/Clostridiopeptidase (Sigma, Germany) and 200 U/ml DNase (Roche, Germany). After incubation for 30 min at 37°C under continuous rotation, the CNS tissue samples were put through a mesh (70 lm) and mononuclear cells separated by conventional 40/70% Percoll centrifugation. Spleens were isolated and digested by direct injection of 10 mg/ml Collagenase (Sigma Aldrich, Germany) and subsequent incubation for 30 min at 37°C under continuous rotation. Thereafter, digested spleens and lymph nodes were mechanically disrupted to obtain singlecell suspensions. Erythrocytes were removed by a washing step with lysis buffer. For qRT-PCR, CD11c-GFP + cells were enriched by positive magnetic bead isolation, which yielded a purity of about 80% for CNS and splenic CD11c-GFP + cells. In addition, CD11c + cell subpopulations as described in Fig 4 were isolated by FACS (purity > 90%), which showed similar expression patterns for the investigated chemokines in FACS and MACS isolations.
Intravital imaging
Mice were anesthetized using 1.5% isoflurane (Abbott, Germany) in oxygen/nitrous oxide (2:1) with a facemask. Mice were then tracheotomized and continuously respirated with a Harvard Apparatus Advanced Safety Respirator (Hugo Sachs, Germany). The anesthetized animal was transferred to a custom-built microscopy table and fixed in a hanging position. The preparation of the imaging field was performed according to adapted protocols for cortical imaging (Göbel & Helmchen, 2007) . In brief, the brainstem was exposed by carefully removing musculature above the dorsal neck area and removing dura mater between the first cervical vertebra and occipital skull bone. The head was inclined for access to deeper brainstem regions, and the brainstem was superfused with isotonic Ringer's solution, which was continuously exchanged by a peristaltic pump. A sterile agarose patch (0.5% in 0.9% NaCl solution) was installed on the exposed brain surface to reduce heartbeat and breathing artifacts. During surgery and microscopy, body temperature was maintained at 35-37°C. We employed near-infrared (NIR) excitation as described previously (Siffrin et al, 2010) . The animal experiments were approved by the appropriate state committees for animal welfare (LUA Rheinland-Pfalz; G 10-01-048) and were performed in accordance with current guidelines and regulations.
Excitation Setup for TPLSM
We employed NIR excitation, that is, two-photon excitation of the sample at 850 nm, using an automatically tunable Ti:Sa laser (Mai Tai HP, Spectra Physics, USA) which is coupled into a commercially available scan head (TriMScope, LaVision Biotec GmbH, Bielefeld, Germany) via routing mirrors. The Ti:Sa beam is coupled into an upright microscope (BX-51WI, Olympus, Hamburg, Germany) through the scan-tube lens combination (SL, TL). A dichroic mirror (DM) reflects the excitation beams toward the objective lens (20×, NA 0.95, Olympus Europe, Hamburg, Germany) that focuses them onto the sample at the same spot. XYZ stacks were typically collected within a scan field of 300 × 300 lm at 512 × 512 pixel resolution and a z-plane distance of 2 lm at a frequency of 400 or 800 Hz. Applied laser powers ranged from 2 to 6 mW at the specimen's surface, which allowed for imaging depths up to 150 lm for EGFP as the fluorophore. 
RNA isolation
Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Germany) according to the manufacturer's protocol. Isolated RNA was further cleaned off possible genomic DNA by treatment with DNase I (Roche). Quality and integrity of total RNA preparation was confirmed by using a Nanodrop 2000c Spectrophotometer (Thermo Scientific, Germany). cDNA synthesis was performed by reverse transcription of total RNA using the Superscript III First-Strand Synthesis System and random hexamer primers (Invitrogen, Germany) following the manufacturer's instructions.
Quantification by real-time PCR
Amplification primers for real-time PCR analysis were designed using the Beacon Designer 8 Software (PREMIER Biosoft International, USA) according to the manufacturer's guidelines and subsequently tested for amplification efficiency and specificity. Sequences for primers are listed in Appendix Table S1 . Real-time PCR was performed using iQ SYBR Green supermix (Bio-Rad Laboratories, Germany) in an CFX Connect TM Real-Time Detection System (Bio-Rad). Relative changes in gene expression were determined using the DDC t method (Livak and Schmittgen, 2001 ) with eukaryotic translation elongation factor 1 alpha (EeF1a1), glyceraldehyde 3-phosphate dehydrogenase (Gapdh), peptidylprolyl isomerase A (Ppia), and actin-beta (Actb) as reference genes.
Statistical analysis
All data were analyzed using PRISM5 (GraphPad software). Data are presented as mean AE SEM from four independent experiments. Statistical analysis of the data was conducted using a nonparametric test (Mann-Whitney U or one-way analysis of variance [ANOVA] and Dunn's multiple comparison test) or a parametric test (one-way ANOVA followed by post-hoc Tukey test) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
Microarray samples and array construction
We used collected CD4 magnetic bead-enriched CD4 + T cells at different time points of adoptive transfer and active EAE. Four different cell populations were analyzed (from three independent experiments each): (i) naïve (CD4   +   CD62L hi ), myelin-specific (2d2) T cells before differentiation (Tnaive) and (ii) after repetitive in vitro Th17 differentiation (Th17iv). Adoptive transfer EAE was induced by injecting these in vitro primed, (2d2) Th17 cells into lymphopenic Rag À/À mice. At the peak of EAE, 2d2 Th17 cells (iii) were isolated from the CNS of these mice (Th17eae). All procedures necessary for microarray measurements, starting at RNA isolation until first data analysis steps, were carried out at Miltenyi Biotec (Bergisch Gladbach, Germany). RNA was isolated using standard RNA extraction protocols (NucleoSpin â RNA II). Quality was checked via the Agilent 2100 Bioanalyzer platform (Agilent Technologies). In total, 100 ng of each total RNA sample was used for the linear T7-based amplification step. To produce Cy3-labeled cRNA, the RNA samples were amplified and labeled using the Agilent Low Input Quick Amp Labelling Kit (Agilent Technologies) following the manufacturer's protocol. Hybridization to Agilent Whole Mouse Genome Oligo Microarrays 4x44K V2 was performed according to Agilent Gene Expression Hybridization Kit protocol (Agilent Technologies). Fluorescence signals of the hybridized Agilent Microarrays were detected using Agilent's Microarray Scanner System (Agilent Technologies).
Microarray data analysis
The Agilent Feature Extraction Software (FES) was used to read out and process the microarray image files. The raw and normalized data are available online at the NCBI GEO database (Edgar et al, 2002) , accession number GSE57098 (http://www.ncbi.nlm.nih. gov/geo/query/ acc.cgi?acc=GSE57098). For determination of differential gene expression, FES-derived output data files were further analyzed using the Rosetta Resolverâ gene expression data analysis system (Rosetta Biosoftware) and gene expression ratios were calculated by dividing sample signal intensity through control signal intensity. For the detection of differentially expressed genes, P-values were calculated based on signal intensity variances using an error-model-based hypothesis test (Weng et al, 2006) .
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